Bacterial surface polysaccharides are synthesized from lipid-linked precursors at the inner surface of the cytoplasmic membrane before being translocated across the bilayer for envelope assembly. Transport of the cell wall precursor lipid II in Escherichia coli requires the broadly conserved and essential multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) exporter superfamily member MurJ. Here, we show that Bacillus subtilis cells lacking all 10 MOP superfamily members are viable with only minor morphological defects, arguing for the existence of an alternate lipid II flippase. To identify this factor, we screened for synthetic lethal partners of MOP family members using transposon sequencing. We discovered that an uncharacterized gene amj (alternate to MurJ; ydaH) and B. subtilis MurJ (murJ Bs ; formerly ytgP) are a synthetic lethal pair. Cells defective for both Amj and MurJ Bs exhibit cell shape defects and lyse. Furthermore, expression of Amj or MurJ Bs in E. coli supports lipid II flipping and viability in the absence of E. coli MurJ. Amj is present in a subset of gram-negative and gram-positive bacteria and is the founding member of a novel family of flippases. Finally, we show that Amj is expressed under the control of the cell envelope stress-response transcription factor σ M and cells lacking MurJ Bs increase amj transcription. These findings raise the possibility that antagonists of the canonical MurJ flippase trigger expression of an alternate translocase that can resist inhibition.
Bacterial surface polysaccharides are synthesized from lipid-linked precursors at the inner surface of the cytoplasmic membrane before being translocated across the bilayer for envelope assembly. Transport of the cell wall precursor lipid II in Escherichia coli requires the broadly conserved and essential multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) exporter superfamily member MurJ. Here, we show that Bacillus subtilis cells lacking all 10 MOP superfamily members are viable with only minor morphological defects, arguing for the existence of an alternate lipid II flippase. To identify this factor, we screened for synthetic lethal partners of MOP family members using transposon sequencing. We discovered that an uncharacterized gene amj (alternate to MurJ; ydaH) and B. subtilis MurJ (murJ Bs ; formerly ytgP) are a synthetic lethal pair. Cells defective for both Amj and MurJ Bs exhibit cell shape defects and lyse. Furthermore, expression of Amj or MurJ Bs in E. coli supports lipid II flipping and viability in the absence of E. coli MurJ. Amj is present in a subset of gram-negative and gram-positive bacteria and is the founding member of a novel family of flippases. Finally, we show that Amj is expressed under the control of the cell envelope stress-response transcription factor σ M and cells lacking MurJ Bs increase amj transcription. These findings raise the possibility that antagonists of the canonical MurJ flippase trigger expression of an alternate translocase that can resist inhibition.
peptidoglycan | flippase | MurJ | sigM | lipid II T he bacterial cell wall or peptidoglycan (PG) is composed of glycan strands cross-linked together by short peptides. This 3D meshwork protects the cell from osmotic lysis and determines shape, and its assembly is the target of some of our most successful antibiotics. Cell wall synthesis begins in the cytoplasm, where a set of highly conserved enzymes catalyze the formation of the lipid-linked precursor lipid II, which is composed of undecaprenyl-pyrophosphate (UndPP) linked to N-acetylglucosamine-N-acetylmuramic acid pentapeptide. Lipid II is synthesized on the inner face of the cytoplasmic membrane (1) . The molecule is then translocated to the outer face of the membrane, where the disaccharide-peptide monomer is incorporated into the existing PG by cell wall synthetic machineries composed of penicillin-binding proteins and additional factors (2) . The enzymes that transport lipid II across the membrane have been the subject of extensive research and speculation (3) (4) (5) (6) . Recent work in Escherichia coli has provided strong evidence that the polytopic membrane protein MurJ is required for lipid II transport across the membrane, and is likely to be a lipid II flippase (6) . MurJ is a member of the multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) exporter superfamily (7) . It is broadly conserved among Eubacteria and essential for viability in many organisms. Intriguingly, work in the model gram-positive bacterium Bacillus subtilis indicates that cells lacking four MOP superfamily members similar to MurJ are viable and have no detectable defect in cell wall synthesis (8, 9) . These findings have been interpreted as evidence that MurJ may not be a lipid II flippase or that an additional transporter exists in this bacterium (5, 10).
Here, we show that deletion of all 10 MOP superfamily members in B. subtilis has no significant impact on growth or cell morphology. We identify a previously uncharacterized protein Amj (alternate to MurJ; formerly YdaH) that is a synthetic lethal partner with one of the B. subtilis MurJ homologs, YtgP (renamed MurJ). For the sake of clarity, we refer to B. subtilis MurJ as MurJ Bs and to E. coli MurJ as MurJ Ec throughout this paper. Depletion of Amj in the absence of MurJ Bs causes cell shape defects and, ultimately, lysis, which are phenotypes also exhibited upon depletion of the enzyme (MurG) required for the last step in the synthesis of lipid II. Importantly, expression of either Amj or MurJ Bs in E. coli supports lipid II flipping and viability in the absence of MurJ Ec . Amj bears no sequence similarity to MOP family exporters or ATP-binding cassette (ABC) transporters, and therefore represents the founding member of a new family of flippases. Interestingly, amj is transcribed under the control of the cell envelope stress-response sigma factor σ Μ , and we show that its expression increases in the absence of MurJ Bs . These results raise the possibility that B. subtilis responds to antagonists of its canonical flippase by inducing the expression of an alternate lipid II transporter.
Results

B. subtilis Cells Lacking All 10 Members of the MOP Superfamily Are
Viable. The recent discovery that MurJ Ec is essential for lipid II transport across the inner membrane in E. coli (6) prompted us to revisit the role of MurJ family members in B. subtilis. Previous studies revealed that B. subtilis cells lacking four putative MurJ paralogs are viable and have no morphological defects (8, 9) . We wondered whether other MOP family members might function in their absence. Homology searches using HHpred (11) identified
Significance
The bacterial envelope is composed of a diverse set of polysaccharides. Virtually all of these polymers are synthesized from lipid-linked precursors that are flipped across the cytoplasmic membrane by ATP-binding cassette transporters or multidrug/ oligosaccharidyl-lipid/polysaccharide (MOP) exporter superfamily members. Transport of the cell wall precursor lipid II requires the MOP family member MurJ in Escherichia coli. Here, we provide evidence for a novel lipid II flippase in Bacillus subtilis called alternate to MurJ (Amj), which bears no similarity to either family of transporters. amj is up-regulated in the absence of B. subtilis MurJ (MurJ Bs ) via an envelope stress-response pathway, suggesting this novel flippase may serve as a defense mechanism against naturally occurring MurJ antagonists.
six additional B. subtilis proteins in the MOP exporter superfamily (TuaB, DinF, YoeA, YisQ, NorM, and EpsK). Some of these factors have been implicated in the transport of other polysaccharide precursors (12) . Because some flippases in this superfamily have relaxed substrate specificity (13), we investigated whether one or more of these proteins can support lipid II transport.
Using the B. subtilis knockout collection, we constructed inframe deletions of the 10 genes encoding MOP family members by sequential excision of the antibiotic resistance cassette using a temperature-sensitive plasmid encoding Cre recombinase (14) (Fig. S1 A-C) . In the course of constructing the Δ10 strain, we discovered that the deletion of tuaB exhibited slow growth and a severe cell shape defect (Fig. S2) , which are phenotypes consistent with impaired cell wall synthesis. tuaB is the second gene in the tua operon, which is required for the biogenesis of the extracellular polymer teichuronic acid under phosphate-limiting conditions (12) . TuaB has been hypothesized to flip the lipidlinked precursor of this uronate-containing polysaccharide (12) . Interestingly, mutations in the putative transporter of the phosphate-containing polymer wall teichoic acid (WTA) are lethal in B. subtilis and Staphylococcus aureus but can be suppressed by mutations in the gene encoding the first enzyme in the biosynthetic pathway (15, 16 ). Accordingly, we tested whether the phenotypes of the tuaB deletion could be similarly suppressed. Here, we deleted the entire tua operon. Cells lacking the full operon, including tuaB, grew at rates similar to WT and had normal rod-shaped morphology (Fig. S2) . These results indicate that the ΔtuaB phenotypes are unrelated to lipid II transport and are likely caused by the toxic accumulation of intracellular teichuronic acid precursors or the depletion of the lipid carrier undecaprenyl-phosphate (16) . Thus, to generate the Δ10 MOP strain, we used the tua operon deletion.
Construction of the decuple mutant lacking all 10 MOP exporter family members was successful. Strikingly, the cells were not only viable but grew at rates indistinguishable from WT and had only modest cell shape defects ( Fig. 1) . The absence of all 10 genes was confirmed by PCR (Fig. S1D) . Furthermore, PCR analysis demonstrated that this strain, containing nine identical loxP (lox72) scars and harboring the Cre recombinase nine separate times during its construction, had not undergone rearrangements and was chromosomally stable (Fig. S1E) . Collectively, these findings confirm and extend previous studies (8, 9 ) that the putative MurJ paralogs are not essential for growth in B. subtilis.
A Genetic Screen Identifies an Alternative Flippase. We reasoned that an additional lipid II flippase unrelated to MurJ must exist in B. subtilis. If our reasoning is correct, then this alternative flippase should become essential in the absence of the MurJ paralogs. To identify this factor, we performed a synthetic lethal screen using transposon-sequencing (Tn-seq). Genomic DNA from a Mariner transposon library was transformed into WT B. subtilis and into a strain (referred to as Δ4) lacking the four MOP family members (YtgP, YabM, SpoVB, and YkvU) most closely related to MurJ Ec . The Δ4 strain was used instead of the Δ10 mutant in hopes of focusing the screen on the identification of factors with lipid II flippase activity. Approximately 500,000 colonies from each transformation were separately pooled, and the transposon-chromosome junctions were mapped by massively parallel DNA sequencing (Fig. 2 ). For each library, we detected insertions in 30% of the Mariner insertion sites (TA dinucleotides) in the genome, and each insertion site had an average of 55 reads. On average, each nonessential gene was disrupted at 15 unique sites. Transposon insertions in four genes (divIVA, minJ, sigM, and ydaH) were statistically (Mann-Whitney U test) underrepresented in the Δ4 library compared with the WT library.
The conditionally essential genes identified by Tn-seq were confirmed by transforming a marked deletion of each into the Δ4 mutant and a WT control. Mutations in divIVA and minJ were synthetically sick in combination with the Δ4 mutant, forming smaller colonies compared with the transformants in the WT background, and were not characterized further. By contrast, transformations with ΔsigM::erm or ΔydaH::erm chromosomal DNA into the Δ4 mutant yielded no transformants, whereas control transformations into WT produced >500 transformants. Thus, both sigM and ydaH appear to be conditionally essential in the absence of the four putative MurJ paralogs. SigM (σ M ) is an extracytoplasmic function sigma factor that activates the expression of many genes involved in cell wall synthesis in response to cell envelope stress (17) (18) (19) . Intriguingly, the ydaH gene is among the most strongly induced genes expressed under σ M control (18, 19) , and it is predicted to encode a polytopic membrane protein with six transmembrane segments. YdaH bears no sequence similarity to MurJ or any other known flippase. Although not broadly conserved, ydaH is present in the genomes of a subset of gram-positive and gram-negative bacteria (Fig. S3) , including Bordetella pertussis, Burkholdera mallei, and Clostridium botulinum. The phylum with the largest number of sequenced genomes containing YdaH orthologs is the Firmicutes. Based on experiments described below we have named this factor Amj.
amj and ytgP Are a Synthetic Lethal Pair. To investigate which of the four putative MurJ paralogs were synthetically lethal with Δamj and ΔsigM, we attempted to construct double mutants with the individual MOP mutants and either Δamj or ΔsigM. The only double mutants that could not be generated were those double mutants that contained ΔytgP. To more rigorously test the synthetic lethality of ΔytgP and Δamj, we constructed an isopropyl-β-D-thiogalactopyranoside (IPTG)-inducible allele of amj. Depletion of Amj in the ΔytgP Δamj double mutant led to loss of viability (Fig. 3A) . Among all 10 MOP family members in B. subtilis, YtgP is the most similar to MurJ Ec . Furthermore, previous work (8) demonstrated that expression of ytgP could support growth in an E. coli strain depleted of MurJ Ec (see below). Based on these findings and the following findings, we propose renaming this gene murJ Bs .
Because amj is in the σ M regulon, we suspected that σ M -dependent expression of amj underlies the synthetic lethality of the ΔsigM ΔmurJ Bs double mutant. In support of this idea, expression of amj under IPTG control restored viability to the ΔsigM, ΔmurJ Bs mutant (Fig. S4) . MurG, the glycosyltransferase required for conversion of lipid I into lipid II (20) . Both depletion strains were inducer-dependent for growth and exhibited a reduction in optical density upon removal of IPTG (Fig. S5A) . Examination of these strains during depletion by fluorescence microscopy revealed similar cell shape defects: The cells became asymmetrically swollen, generating aberrant morphologies (Fig. 3B) . Consistent with the reduction in optical density, extensive cell lysis was observed upon further depletion ( Fig. 3B and Fig. S5 B and C) . These results are consistent with the idea that Amj and MurJ Bs function in translocation of lipid II across the membrane.
Amj Can Substitute for E. coli MurJ. As a direct test of the idea that Amj can support lipid II transport, we investigated whether expression of Amj in E. coli could suppress the essentiality of MurJ Ec . As a positive control for these experiments, we used MurJ Bs and SpoVB, which have previously been shown to complement a MurJ Ec depletion strain (8) . In addition, we included the two other MOP family members (YabM and YkvU) used in our synthetic lethal screen. All five genes and gfp as a negative control were separately fused to the P lac promoter on a low-copy plasmid and transformed into an E. coli strain harboring an arabinose-inducible promoter fusion to murJ Ec as the sole source of the gene. Strikingly, expression of Amj in the absence of arabinose supported growth in a manner similar to expression of MurJ Bs or SpoVB (Fig. 4A) . By contrast, cells expressing YabM, YkvU, or GFP were inviable in the absence of arabinose, suggesting that these proteins are not involved in lipid II transport. Analysis of growth in liquid culture lacking arabinose revealed that E. coli cells expressing Amj or MurJ Bs grow at rates indistinguishable from WT ( Fig. S6A ) and support normal cell shape (Fig. 4B) .
To investigate whether Amj could complement a murJ Ec -null mutant, we constructed a ΔmurJ Ec ::kan insertion-deletion that contained a complementing allele at an ectopic locus. The marked deletion was then transduced into E. coli strains harboring plasmids with IPTG-inducible promoter fusions to amj, murJ Bs , or gfp. As expected for an essential gene, transduction of the null mutant into the GFP-expressing strain yielded no colonies. By contrast, transduction of murJ Ec ::kan into the strains expressing Amj or MurJ Bs yielded hundreds of transductants (Fig. S6B) . The presence of the murJ Ec deletion and the absence of the complementing murJ Ec allele were both confirmed by PCR (Fig. S6C) . The complemented strains grew at rates similar to WT. Microscopic examination revealed that ΔmurJ Ec ::kan cells expressing Amj (but not MurJ Bs or MurJ Ec ) were larger than WT and somewhat misshapen, although they retained a rod-like morphology (Fig. 4C ). These phenotypes were more pronounced at lower IPTG concentrations in cells expressing grow-out either amj or murJ Bs (Fig. S6D) , suggesting that expression levels were limiting.
Amj Supports Lipid II Flipping in E. coli. To assess Amj-dependent lipid II flipping, we used a recently developed assay that monitors whether the lipid II precursor is present on the cytoplasmic face (unflipped) or the periplasmic face (flipped) of the inner membrane in E. coli (6) . This assay takes advantage of the toxin colicin M, which cleaves periplasmic lipid II between the diphosphate and undecaprenyl moieties, generating a soluble product that can be detected by HPLC. Because colicin M cannot cross the inner membrane, unflipped lipid II is protected from cleavage. Previous studies established that in cells harboring MurJ, lipid II is accessible to colicin M and cleavage products are readily detected. However, upon inactivation of MurJ, the soluble colicin M products decrease and there is a concomitant accumulation of unflipped precursors. These data are consistent with the idea that MurJ translocates lipid II across the membrane. Using this assay, we analyzed the disposition of lipid II in E. coli cells expressing MurJ Bs and, separately, Amj (Fig. S7A) . Cells expressing MurJ Ec and GFP were used as positive and negative controls, respectively. Similar to the previous study, all four strains harbored a functional MurJ Ec point mutant (A29C) that can be inactivated by the addition of the sulfhydryl-reactive compound (2-sulfonatoethyl)methanethiosulfonate (MTSES) (6) . In the strain expressing GFP, addition of MTSES caused an immediate cessation of growth. However, expression of MurJ Ec , MurJ Bs , or Amj conferred resistance to MTSES (Fig. 5A ). Cells were pulse-labeled with [ 3 H]-m-DAP (American Radiolabeled Chemicals) to label PG precursors, and colicin M and/or MTSES was added 15 min later. The water-soluble colicin M products were identified and quantified by HPLC. Precursor levels in the lipid fraction were separately determined by organic extraction and scintillation counting. As expected based on previous results, in cells expressing GFP, the colicin M-dependent products were reduced upon inactivation of MurJ Ec (A29C) with MTSES ( Fig.  5B and Fig. S7B After 15 min, colicin M and/or MTSES was added as indicated, and growth was continued for 10 min. Samples were then withdrawn and extracted sequentially with hot water and then butanol. Hotwater extracts were subjected to HPLC and radiodetection to quantify the radiolabeled colicin M product. Experimental details and peak identification are provided in Fig. S7 . (C ) Scintillation counting was used to quantify label in the lipid (butanol) fraction. Error bars represent SEM from two experiments. The P value determined with Student's t test. *P < 0.05. ns, not significant. (A29C) inactivation (Fig.  5C) . Taken together, these data indicate that both MurJ Bs and Amj can support lipid II translocation activity in E. coli.
GFP-expressing strain upon MurJ Ec
Amj Expression Increases in the Absence of MurJ Bs . amj is regulated by the stress-response sigma factor σ M . σ M is held inactive by the two integral membrane proteins YhdL and YhdK, and inhibition is relieved in response to an unknown signal that is thought to be generated by cell wall stress (21) (22) (23) . Expression profiling experiments indicate that σ M -controlled genes are transcribed at low levels under normal growth conditions and are induced twoto fivefold in response to acute exposure to cell wall synthesis inhibitors (19, 24) . We wondered whether cells lacking MurJ Bs experience cell wall stress that is alleviated by σ M -dependent expression of Amj. To investigate this possibility, we separately fused two σ M -dependent promoters (P sigM and P amj ) to lacZ and yfp and monitored σ M activity during growth. As reported previously (17), σ M -dependent expression was detectable in WT cells (Fig. 6A) and an approximately threefold increase in expression was observed after 30 min of exposure to the cell wall synthesis inhibitor vancomycin (Fig. S8A) . Consistent with the idea that cells lacking MurJ Bs experience cell wall stress, we found that transcription from both σ M -dependent promoters increased approximately twofold in the absence of MurJ Bs (Fig. 6A and Fig. S8B ). We suspect that the increased level of Amj restores proper cell wall synthesis, which leads to negative feedback on σ M activity. As Amj levels drop, σ M is induced again. Thus, the twofold increase likely represents a new baseline activity for σ M when cells lack MurJ Bs . Consistent with this idea, if we break the feedback loop by placing amj under inducible control and express it at low levels, we observed >10-fold higher expression from a σ M -dependent promoter in cells lacking MurJ Bs (Fig. 6B) . Although it is possible that this increase is a nonspecific effect of cell wall stress, we did not observe an increase in activity of the other six extracytoplasmic function sigma factors (25) under these conditions (Fig.  S8C ). Taken together, we conclude that cells respond to inhibition of MurJ Bs by inducing expression of amj.
Discussion
Here, we have shown that B. subtilis cells lacking both MurJ Bs and Amj have a lethal defect in cell wall biogenesis. Moreover, both proteins can support lipid II transport and viability in E. coli cells lacking MurJ Ec . The simplest interpretation of the data, and one that we favor, is that both proteins are lipid II flippases. We cannot, however, rule out the possibility that both proteins are required to stimulate the activity of an unknown transporter.
That Amj bears no similarity to MurJ Ec or any other protein encoded in the E. coli genome suggests it functions directly in lipid II transport. Additional support for the idea that MurJ homologs are flippases comes from their membership in the MOP exporter superfamily and mutagenesis studies in E. coli suggesting that MurJ Ec contains a solvent-exposed transmembrane channel (26) . Collectively, our data lead us to propose that Amj is the founding member of a new family of lipid II flippases.
An additional conclusion that emerges from our study and previous work (6, 8) is that the MOP family member SpoVB required for synthesis of spore cortex PG (27) is a lipid II flippase. It is unclear why B. subtilis possesses a sporulation-specific flippase, but one possibility is that the spatial and temporal requirements for PG synthesis during development cannot be met by the vegetative enzymes.
Virtually all flippases implicated in translocating lipid-linked oligosaccharides across the cytoplasmic membrane fall into one of two families: ABC transporters or MOP exporters. For example, UndPP-linked homopolymeric O-antigen polysaccharides are flipped by the Wzt/Wzm ABC transporter, UndPP-linked WTA polymers require the putative ABC transporter TagGH, and UndPP-linked oligosaccharides involved in N-and O-linked protein glycosylation require distinct ABC transporters (28, 29) . In a separate pathway, UndPP-linked oligosaccharide precursors are flipped by the MOP exporter Wzx and polymerized on the periplasmic face of the inner membrane to form heteropolymeric O-antigen polysaccharides (30, 31) . Similarly, UndPP-linked oligosaccharide precursors required for synthesis of capsular polysaccharide, enterobacterial common antigen, and colanic acid all require distinct Wzx paralogs (32) . In gram-positive bacteria, teichuronic acid precursors (UndPP-linked trisaccharides) require the MOP exporter family member TuaB (12) . Finally, as discussed here, the PG precursor lipid II (UndPP-disaccharide pentapeptide) is likely flipped by the MOP family member MurJ. Amj shares no sequence similarity with either the ABC or MOP superfamilies, and therefore likely represents a new family of lipidlinked oligosaccharide transporters. Insofar as Amj does not appear to contain an ATPase domain, it more closely resembles MOP exporters. Amj is approximately half the size of MOP family members and is predicted to contain six transmembrane segments, whereas MOP family members contain 12-15 transmembrane segments. Thus, we anticipate that Amj oligomerizes to assemble a conduit for lipid II transport. It has been proposed that MurJ forms a C-shaped portal that allows transport of the hydrophilic diphosphate-disaccharide-pentapeptide portion of lipid II while accommodating its hydrophobic polyisoprenoid moiety within the lipid bilayer (26) . Whether MurJ uses energycoupled transport or facilitated diffusion in translocating lipid II remains an open question. Structural analysis and in vitro reconstitution of Amj and MurJ will be required to assess whether or not they use similar mechanisms to transport PG precursors.
Recent in vitro reconstitution experiments have led to the suggestion that FtsW and other shape, elongation, division, and sporulation (SEDS) family proteins could function as lipid II flippases (5). These polytopic membrane proteins are often found in complex with a cognate penicillin-binding protein (33) involved in cell wall synthesis, providing a mechanism to couple transport of precursors with their incorporation into the cell wall. That MurJ paralogs were dispensable for rod shape and viability in B. subtilis left open the possibility that SEDS proteins could function as alternate flippases (8) (9) (10) . However, our discovery that MurJ and Amj are a synthetic lethal pair argues against this idea. Based on the data reported here and in previous work (6), we favor the idea that MurJ and Amj are the lipid II flippases in vivo. Because E. coli lacks an Amj homolog, it is unlikely that Amj interacts with the endogenous E. coli cell wall synthetic machineries. Accordingly, if Amj is indeed a lipid II flippase, its ability to suppress the lethality of an E. coli strain lacking MurJ Ec argues that coupling transport of precursors to their incorporation into PG is not required for cell wall synthesis. Moreover, MurJ Bs (which bears only 19% identity to MurJ Ec ) was able to restore proper cell -responsive promoter (P amj ) fused to lacZ. Activity was assayed in exponentially growing cultures in LB. Indicated strains harboring an amj promoter fusion to yfp were analyzed by fluorescence microscopy. (Scale bar: 1 μm.) (B) β-Gal activity of P amj -lacZ in a strain lacking murJ Bs with amj under an IPTG-inducible control. Activity was assayed in exponentially growing cultures in LB containing either 500 μM IPTG (Amj High) or 50 μM IPTG (Amj Low). Error bars represent SEM from two experiments.
